† Background and Aims The water-transport capacity of leaf venation is positively related to the leaf-lamina area, because the number and diameter of vein-xylem conduits are controlled to match the lamina area. This study aimed to investigate how this co-ordinated relationship between the leaf-lamina area and vein-xylem characteristics is achieved by examining the midrib xylem of tobacco leaves. † Methods The changes in the midrib-xylem characteristics over time were quantified using leaves with four different final lamina areas. The measured data were fitted to sigmoidal functions. From the constants of the fitted curves, the final values in mature leaves, maximal developmental rates (V Dev ) and developmental duration (T Dev ) were estimated for each of the xylem characteristics. Whether it is the lamina or the midrib xylem that drives the co-ordinated development was examined by lamina removal from unfolding leaves. The effects of the application of 0 . 1 % IAA (indole-3-acetic acid) to leaves with the laminas removed were also analysed. † Key Results For both the leaf lamina and the midrib-xylem characteristics, the differences in final values among leaves with different lamina areas were more strongly associated with those in V Dev . Notably, the V Dev values of the midrib-xylem characteristics were related to those of the leaf-lamina area. By lamina removal, the conduit diameter was reduced but the number of conduits did not significantly change. By IAA application, the decrease in the conduit diameter was halted, and the number of conduits in the midrib xylem increased. † Conclusions According to the results, the V Dev values of the lamina area and the midrib-xylem characteristics changed in a co-ordinated manner, so that the water-transport capacity of the midrib xylem was positively related to the leaf-lamina area. The results also suggest that IAA derived from the leaf lamina plays a crucial role in the development of the leaf venation.
INTRODUCTION
There are inter-and intraspecific variations in the leaf-lamina area. Irrespective of the lamina area, water is delivered adequately over the leaf lamina. Hence, the water-transport capacity of leaf venation must be properly controlled by changing the number and diameter of the vein-xylem conduits depending on the lamina area (West et al., 1999; Tyree and Zimmermann, 2002) . Reticulate venation in dicotyledonous leaves consists of minor and major veins (Roth-Nebelsick et al., 2001; Sack and Holbrook, 2006) . The minor vein includes a small number of narrow xylem conduits and supplies water to its neighbouring mesophyll cells. On the other hand, the major vein has numerous conduits with large diameters in its xylem and functions as a pathway for longdistance transport. Consequently, the number and diameter of the xylem conduits in major veins, especially the midrib vein, should vary with the leaf-lamina area. In fact, strong correlations between the number and diameter of the midribxylem conduits and leaf area have been reported for the leaves of several woody species (Coomes et al., 2008; McCulloh et al., 2009) .
It is, however, unclear how the number and diameter of the xylem conduits in a vein increase with the increase in the lamina area. Xylem conduits are produced through the divisions of cambial cells and the expansion of their derivatives. Hence, the number of xylem conduits is dependent on the division rate of the cambial cells and on the duration in which the cell division continues. The conduit diameter is determined by the size of the cambial cells and the magnitude of expansion of differentiating cells (Fritts et al., 1999) . Because the vein xylem develops throughout leaf expansion (Avery, 1933; Lersten, 1965; Aloni et al., 2003) , for the positive relationships between the leaf-lamina area and the number and diameter of the midrib-xylem conduits to be achieved in mature leaves, the duration of the cell division in vein cambia, division rate of cambial cells and the magnitude of expansion of the differentiating cells are expected to be highly correlated with duration and/or the rate of leaf expansion. These relationships can be clarified if the time courses of the lamina-area growth and midrib-xylem development are examined in detail. Although there are many studies on leaf expansion (Avery, 1933; Maksymowych, 1963; Granier et al., 2000; Cookson et al., 2005) , the time course of the midrib-xylem development has been rarely measured simultaneously.
The underlying mechanisms of the morphological coordination between the leaf lamina and the midrib xylem are also unclear. The involvement of an auxin [indole-3-acetic acid (IAA)] signal would be the most plausible. IAA is synthesized in the peripheral region of the unfolding leaf, and flows toward the base of the lamina along procambium and/or cambium in the vein (Aloni et al., 2003; Scarpella et al., 2008) . As has been proposed for the stem xylem (Aloni and Zimmermann, 1983; Uggla et al., 1998) , IAA concentration in the cambium would regulate the number and diameter of vein-xylem conduits. Actually, in arabidopsis leaves, numerous conduits of small diameters are observed in the peripheral regions where IAA converges (Aloni et al., 2003) . However, there are no reports on the responses of the major leaf veins including the midrib veins to IAA.
Here, we measured the changes in the midrib-xylem characteristics over time during leaf expansion to explore how the co-ordinated relationships between the lamina area and the midrib-xylem characteristics are achieved. The measured data such as the lamina area, and the number and diameter of the xylem conduits were fitted to sigmoidal functions. For each of these parameters, the duration of development, T Dev , and the maximal developmental rate, V Dev , were estimated using the fitted curve, and the relationships of these parameters among leaves with different lamina areas were analysed. Furthermore, the effects of the removal of leaf laminas from unfolding leaves were analysed. If the signal materials derived from the leaf lamina drive the development of the midrib xylem, the midrib-xylem characteristics in the treated leaves would be changed. In addition, 0 . 1 % IAA was applied to the cut surfaces after lamina removal. If IAA is the lamina-derived signal material responsible for midribxylem development, the negative effects of lamina removal would be halted by the application of IAA.
MATERIALS AND METHODS

Plant material
All measurements were conducted using tobacco, Nicotiana tabacum L. 'Petit Havana SR1' To study xylem development, seeds were sown on vermiculite in pots, 12 cm in diameter and 10 cm in depth, and the plants were grown in a growth chamber with air temperature ranging from 21 to 25 8C. Light was provided by a bank of cool-white fluorescent tubes (FPR96EX, Toshiba, Tokyo, Japan) for 14 h daily. The photosynthetically active photon flux density just above the pots ranged from 330 to 350 mmol m 22 s
21
. Every day, 100 mL of 1/2500-strength commercial fertilizer (HYPONex 6-10-5; HYPONex Japan, Osaka, Japan) was applied to each pot. For the experiment with the lamina-removal treatment and the IAA application, seeds were sown on 30 October 2008, and the plants were grown in a glasshouse with supplementary light from metal halide lamps (DR400TL; Toshiba), giving a 14-h light period throughout their growth. The main stem was cut above the ninth node, before the inflorescence became visible, to induce the development of lateral shoots. The first three leaves on the lateral shoots were used for the treatments because the sizes of the first several leaves on the lateral shoots are similar (Poethig and Sussex, 1985) .
Sampling and observations
The leaves on the 2nd, 3rd, 4th and 5th nodes above the cotyledonary nodes on the rosette plants, designated as L2, L3, L4 and L5, respectively, were used. Samplings were made at intervals of 2 -3 d from the time when L2 was visible. The leaves were cut at their bases, and digitized with a photo scanner (CanoScan 4400F; Canon, Tokyo, Japan). From these scanned images, their lengths and areas were obtained using software (ImageJ, http://rsbweb.nih.gov/ij/). For each of these leaves, a segment of the midrib, about 3 mm long, was cut at the leaf-lamina base and was fixed in formalin/acetic acid/ethanol/water (2 : 1 : 12 : 5). These segments were dehydrated in ethanol and embedded in 2-hydroxyethyl methacrylate-based resin (Technovit 7100; Heraus Holding, Hanau, Germany). Cross-sections of 2 mm thickness were made on an ultramicrotome (Ultracut B; Leica Microsystems, Tokyo, Japan) and stained with 0 . 1 % toluidine blue O (Division Chroma, Münster, Germany). The crosssections were photographed with a digital camera (DP71; Olympus, Tokyo, Japan) mounted on a light microscope (BX50; Olympus).
There are several types of cells in mature midrib xylem (Fig. 1) . Mature conduits are thick-walled cells. Cambial cells are characterized by their small rectangular shapes and thin cell walls. Also, they are often next to cells of the same size (Larson, 1994) . The cells located between the cambial cells and mature conduits are designated as differentiating conduits. The number of mature conduits, N M , and the total number of cells within the xylem and cambium, N XC , were counted following the above-mentioned criteria. Xylem conduits produced through the periclinal divisions of cambial cells form a radial file. Hence, N M can be divided into the number of radial cell files including mature conduits and differentiating cells, N F , and the average number of mature conduits in a radial file, N C . In the midrib of a tobacco leaf, the phloem is located in regions external and internal to the xylem ( Fig. 1 ; Avery, 1933) . Both the sieve elements and companion cells in the phloem are characterized by small circular shapes. Because we did not distinguish the sieve elements from the companion cells, all cells in the external phloem derived from the cambium were counted as the number of phloem cells, N P .
The average diameter of a conduit, D E , was calculated by assuming that the cross-section of the xylem conduit is an ellipse and then applying the following equation (Lewis and Boose, 1995) :
(1)
where a and b are the long and short diameters of the conduit, respectively. To eliminate the effects of small conduits that deliver less water, the average conduit diameter weighted by the hydraulic conductivity, D H , was calculated as follows (Sperry et al., 1994) :
The hydraulic conductivity of a conduit, k, was calculated theoretically by the Hagen -Poiseuille's Law (Tyree and Zimmermann, 2002) :
where h is the viscosity of water (0 . 89 × 10 23 Pa s at 25 8C). The theoretical hydraulic conductivity of the midrib xylem, k H , was obtained by summing k for all the conduits in the midrib xylem. The size of a cambial cell was evaluated by an average cell length in the tangential direction, and designated as the width of the cambial cells, W. The symbols used for the midrib-xylem characteristics are listed in Table 1 .
Calculation of the final asymptote value, maximal developmental rate and duration of development
The final value, maximal increase rate and developmental duration for each of the leaf-lamina area and midrib-xylem characteristics were determined as follows. The changes in the value of a given parameter, y, with time from the leaf initiation, t, were fitted to the following sigmoidal function (Cookson et al., 2005) :
where constant A is the upper asymptote of the curve, constant B is the day when y reaches half of A, and constant C is related to the slope of the curve. The final value at maturation was evaluated as A. The maximal developmental rate, at the point of inflection of the fitted sigmoidal curve, was calculated as A/4C, and designated as V Dev . V Dev occurs at the time when y reaches half of A (i.e. t ¼ B). The time from the leaf initiation, t, was estimated by extrapolating the lamina length of the observed leaves to the standard growth curves expressing the relationships between the leaf-lamina length and the time for L2 and L6 (Fig. 2) . When the lamina length was near the final value, the lamina length of the next one or two leaves was used for estimation based on the assumption that the plastochron and the elongation growth of leaves did not change largely among individuals (Maksymowych, 1963) . Here, we define leaf initiation as the emergence of a visible leaf primordium on the apical meristem (an extrusion of about 50 mm). We measured the leaf lengths of the plants and determined the day of leaf initiation by examining the ten shoot samples cleared by chloral hydrate (Wako Pure Chemical Industries Ltd, Osaka, Japan). The development of both the leaf lamina and the vein xylem was considered to start at the time of leaf initiation and to end when the parameter reached 95 % of its asymptote value calculated from the sigmoidal curve (Cookson et al., 2005) . The duration of development, obtained in this way, is designated as T Dev .
Removal of leaf lamina and the application of IAA
To examine the effects of sudden changes in the lamina area during leaf expansion on the number and diameter of the midrib-xylem conduits, we removed almost the whole area of the leaf lamina from the young leaf, leaving the midrib. In addition, the effects of auxin on the midrib-xylem development were examined by applying 0 . 1 % IAA in lanolin to the cut surface of the third leaf immediately after the lamina removal. The removal treatments were carried out on eight individuals on 30 and 31 January 2009, when the lamina lengths of the second and third leaves on the lateral shoots were 11 . 0 + 0 . 304 cm (+ s.d., n ¼ 4) and 5 . 06 + 0 . 064 cm (+ s.d., n ¼ 8), respectively. These were one-half and onequarter of the final lamina lengths, respectively. The first leaves were untreated and used as controls. The treatments were made at night and lanolin was applied to the cut surfaces to avoid water loss. 0 . 1 % IAA in lanolin was applied to four out of eight third leaves immediately after lamina removal, and then replaced every 2 d for 2 weeks. The intact and removaltreated leaves were harvested on 9 and 10 March 2009 after full expansion. After the lamina area was determined on the scanned image of the whole leaf, the midrib xylem was handsectioned at its base. The cross-sections were observed as described above.
Statistics analyses
The changes in each of the characteristics over time were fitted to a sigmoidal function (eqn 4) by the least squares method. The average values with the standard errors of the constants of the fitted curve for each of the parameters are listed in Table 2 . The samples were collected from 72 individuals, and the numbers of data were 23 for L2, 28 for L3, 28 for L4 and 27 for L5. Correlations were examined using Pearson's correlation coefficient, and the test for the significance of the correlations was conducted at P ¼ 0 . 05. The differences in V Dev and T Dev of A L , N XC , N M , N F , N P and D H among L2, L3, L4 and L5 were analysed by two-way ANOVA. When a significant difference was detected, Tukey's multiple comparison test was conducted for the group at P ¼ 0 . 05. All statistical analyses were performed using statistical software (R, http://www.r-project.org/).
RESULTS
Relationships between the midrib-xylem characteristics and leaf-lamina area in mature leaves For mature leaves, the relationships between the midrib-xylem characteristics and leaf-lamina area in L2, L3, L4 and L5 were examined. The lamina length increased with an increase in the leaf number, ranging from 24 . 7 + 2 . 46 mm for L2 to 83 . 0 + 5 . 26 mm for L5 (average + 1 s.d., n ¼ 5; Fig. 2 ). (Fig. 3A) . N M can be divided into two components: (1) the number of radial files including mature and differentiating conduits, N F ; and (2) the average number of conduits in a radial file, N C . N F was tightly correlated with A L (Fig. 3B) . In contrast, N C was not significantly related to A L ( Fig. 3C ; r ¼ 0 . 387, P ¼ 0 . 138, n ¼ 16). The average conduit diameter weighted by hydraulic conductance, D H , increased with A L , ranging from 16 . 3 to 30 . 8 mm (Fig. 3D ). The increase in D H can be attributed to the increase in the sizes of the cambial cells, as well as the expansion of the differentiating cells. Average width of cambial cells, W, changed significantly with A L (Fig. 3E ), but the difference between the minimum and maximum values of W was only 4 . 25 mm. The total number of cells and mature conduits in xylem and cambium, N XC , was also positively related to A L (Fig. 3F) . N XC was larger than N M even in mature leaves, the cambia of which had ceased cell division. This is because 2 . 20 + 0 . 360 (average + 1 s.d., n ¼ 16) of the undifferentiating cells per radial cell file remained around the cambium. There were phloem cells in regions both external and internal to the xylem in the midrib (Fig. 1) , and the cells in the external phloem were counted as N P . N P increased with A L (Fig. 3G) . The total number of phloem cells in the internal and external phloem was on average 1 . 63-fold the N P . Theoretical hydraulic conductivity of the midrib xylem, k H , increased exponentially rather than linearly with A L (Fig. 3H) . The exponent of the fitted power function was 1 . 35.
Development of the midrib xylem during leaf expansion
The leaf-lamina area and the midrib-xylem characteristics changed with time forming sigmoidal curves. However, their changes showed different trends (Fig. 4) . The changes in each of the parameters were described, based on the average values of the constant A, B and C for L2, L3, L4 and L5. The expansion rates of the leaves reached the maximum, V Dev , from 17 . 6 to 18 . 1 d (Fig. 4A) , and the duration of leaf expansion, T Dev , ranged between 23 . 3 and 24 . 8 d. N XC increased showing V Dev from 12 . 5 to 14 . 2 d (Fig. 4B ) and then ceased increasing by 23 . 2 to 25 . 1 d. N M increased, showing V Dev from 16 . 4 to 17 . 5 d (Fig. 4C) , until 26 . 6 to 27 . 8 d. N F increased, showing V Dev between 10 . 5 and 13 . 1 d (Fig. 4D) , until 20 . 3 to 24 . 6 d. W enlarged slowly and reached final size between 15 . 9 and 24 . 0 d. D H increased, showing V Dev from 9 . 46 to 11 . 1 d (Fig. 4F) , and reached final size between 17 . 3 and 20 . 4 d. D H can increase due to the expansion of the differentiating cells as well as the increase in W. Because W did not change markedly throughout leaf expansion, the change in D H was mainly attributed to the expansion of the differentiating cells. N P increased, showing V Dev between 14 . 9 and 18 . 4 d (Fig. 4G) , until 24 . 0 to 30 . 2 d. k H increased most sharply between 16 . 7 and 18 . 7 d (Fig. 4H) and reached a plateau between 20 . 8 and 24 . 8 d. According to two-way ANOVA, neither the T Dev values of the lamina area nor those of the midrib-xylem characteristics were significantly different among L2, L3, L4 and L5 (F-value ¼ 0 . 531 and P ¼ 0 . 668). In contrast, the differences in the T Dev values among A L , N XC , N M , N F , N P and D H were significant ( Fig. 5 ; F-value ¼ 16 . 1 and P , 0 . 001). D H showed the shortest T Dev , with the other parameters in the following order: (Fig. 6 ; r ¼ 0 . 991 and P , 0 . 01 for N M ; r ¼ 0 . 998 and P , 0 . 01 for N XC ; r ¼ 0 . 983 and P , 0 . 01 for N F ; r ¼ 0 . 982 and P , 0 . 01 for N P ; r ¼ 0 . 952 and P , 0 . 05 for D H ).
Effects of the leaf-lamina removal and application of IAA To find out whether it is the leaf lamina or the midrib that drives the co-ordinated development, leaf laminas were removed, leaving the midribs of the young leaves. The removal treatment was conducted when the second and the third leaves were about 11 cm and 5 cm in length, and no treatment was applied to the first leaves (the control leaves). In addition, IAA was applied to the cut surfaces of four third leaves after the removal of their laminas. After these leaves were fully expanded, the midrib xylem at the lamina base was observed. (average + 1 s.d., n ¼ 4) for the first, second, third and IAA-applied third leaves, respectively. The differences in leaf area among the lamina-removed leaves reflected expansion of the leaf laminas that could not be removed. The midribxylem characteristics before and after treatments were compared. New conduits and radial conduit files were produced after the removal treatment in both the second and third leaves ( Fig. 7A -F) . Notably, the small conduits were found only near the cambium in the second leaves, whereas such small conduits were found throughout the midrib xylem in the third leaves (Fig. 7C, D) . This indicates that the lamina-removal treatments inhibited the expansion of differentiating cells after the removal of leaf lamina. The percentage of midrib-xylem conduits ,20 mm in diameter were 47 . 6 % and 56 . 8 % for the second and third leaves, respectively, but only 25 . 0 % for the control leaves. The D H of the third leaves was significantly reduced by the removal of the leaf lamina (F ¼ 24 . 2 and P , 0 . 01, n ¼ 16). On the contrary, none of the characteristics related to the number of conduits (N M , N C and N F ) were significantly different among the treated leaves (F ¼ 0 . 413 and P ¼ 0 . 676 for N M , F ¼ 4 . 05 and P ¼ 0 . 0556 for N C ; F ¼ 0 . 480 and P ¼ 0 . 634 for N F ), although the F value for N C was relatively high. Interestingly, D H recovered with the application of IAA (Figs 7F and 8A, D) . Also, N M in the IAA-applied leaves was greater than that in the control leaves. The increase in N M was due to the increase in N C rather than in N F (Figs 7F and 8B, C).
DISCUSSION
In this study, we measured the time course of the development of the midrib xylem throughout leaf expansion for the first time. Our results with the tobacco leaves indicate that the differences in the lamina-area and midrib-xylem characteristics Table 2 . See Table 1 for explanation of abbreviations.
of the mature leaves L2, L3, L4 and L5 were associated more strongly with those in their maximal developmental rates, V Dev (Figs 4 and 6) than those in developmental duration, T Dev (Figs 4 and 5) . V Dev of the leaf lamina was strongly related to the V Dev values of the midrib-xylem characteristics (Fig. 6) . Hence, these co-ordinated developmental processes result in the close relationship between the leaf-lamina area and the number and diameter of the midrib-xylem conduits in the mature leaves. The removal of leaf laminas from the young leaves reduced D H (Fig. 8) , suggesting that signals from the leaf lamina induce the expansion of the differentiating cells. Interestingly, D H recovered from the distinct decrease by application of IAA to the cut surfaces of the treated leaves (Figs 7F and 8A) . The N M of the leaves to which IAA had been applied was greater than that of the control leaves because of the increase in the number of xylem conduits in a radial file, N C . The N C for the leaves with laminas removed tended to be smaller than that for the control leaves, although the differences were not statistically significant. Hence, N C is also likely to respond to the IAA concentration in the midrib. From these results, we propose that auxin is responsible for the co-ordinated development of the leaf-lamina area and midribxylem characteristics.
Relationship between the number of midrib-xylem conduits and the leaf-lamina area
The final values of N M were dependent on the V Dev of N M . The developmental rate of N M is divided into the cell-division rate of a cambial cell and the number of cambial cells. The former is related to the increase rate of N C and the latter to N F . N C was not related significantly to the lamina area in mature leaves (Fig. 3A-C) , and the increase rate of N C was not greatly different among L2, L3, L4 and L5. On the other hand, the differences in the V Dev values of N M among L2, L3, L4 and L5 were strongly associated with those of N F . In a leaf lamina, the N F increased at the junctions between the midrib and the second-order vein in the basipetal direction along the midrib (data not shown). This is due to the fact that the radial cell files in the second-order vein xylem meet those in the midrib xylem at the junction (Isebrands and Larson, 1980; Sack and Frole, 2006; Mckown et al., 2010) . Due to this morphological relationship, N F is probably constrained by the number of second-order veins. The number of second-order veins was proportional to the leaf-lamina length in tobacco leaves. Because A L was proportional to the second power of the lamina length, N F was also strongly correlated with A L . Notably, in Nicotiana tabacum 'Xanthi', the second-order veins emerge up to their final number when the leaf-lamina length reaches 3 mm (Poethig and Sussex, 1985) . Consequently, the positive correlations of N F with A L can be determined at an early stage of leaf expansion. This may be the reason why N F was not influenced by the removal treatment ( Fig. 8A -C) . Because N M was dependent on N F , the above explanation for N F should also be applicable to N M .
Relationship between the diameter of the midrib-xylem conduits and the leaf-lamina area
The results of the experiment with lamina removal and IAA application suggest that IAA derived from the leaf lamina is involved in the development of midrib xylem throughout leaf expansion (Figs 7 and 8) . IAA is synthesized in the peripheral parts of the leaf lamina, and flows toward the leaf-lamina base along the venation (Aloni et al., 2003; Scarpella et al., 2008) . Based on the previous studies on stem xylem (Aloni, 1987; Sundberg and Little, 1990; Uggla et al., 1998) , IAA concentration in the vein cambium is strongly associated with cambial activity. Hence, our results can be explained as follows: the removal of leaf lamina reduced the supply of IAA from the leaf lamina to the midrib, causing the conduits to be less expanded, as in the case of the de-capped experiment (Sundberg and Little, 1990) . On the contrary, the application of IAA increased the cambial activity and extended the period of division of the cambial cells, which See Table 1 for explanation of abbreviations. Table 1 for explanation of abbreviations.
resulted in numerous conduits with large diameters. However, it is unclear whether the auxin concentration in the leaf vein varies among leaves with different final lamina areas. In addition, the effects of auxin on leaf-lamina expansion are also obscure. In transgenic tobacco plants with different endogenous auxin levels, small lamina areas were observed at both high and low auxin levels (Romano et al., 1991; Eklöf et al., 2000; van der Graaff et al., 2003; Qin et al., 2005) . At low auxin levels, the leaves showed epinasty (Romano et al., 1991; Qin et al., 2005) . In the leaf of Phaseolus vulgaris, the positive effect of an auxin (a-naphthalene acetic acid) on leaf expansion is seen within a short time, but the expansionrate decreases due to the inhibition of cell elongation take longer (Keller, 2007) . We suggest that cytokinins also contribute to the co-ordinated development of the leaf lamina and midrib xylem. The Arabidopsis thaliana mutant, which lacks four genes encoding isopentenyladenin transferases, which are involved in cytokinin synthesis, produces numerous midrib-xylem conduits of larger diameters in response to exogenous cytokinin applied at high concentrations (Matsumoto-Kitano et al., 2008) . In transgenic plants that overexpress the catabolic enzyme, cytokinin oxidase, the endogenous cytokinin levels are low, and the cell-division rate in leaves is markedly reduced, resulting in smaller leaves (Werner et al., 2001 (Werner et al., , 2008 . Finally, we point out the possibility that the lower amount of developing xylem in the lamina-removed leaves could be attributed to a decrease in carbohydrate supply due to lamina removal. The upper parts Images of the midrib xylem of tobacco leaves before and after the lamina-removal treatment with or without the application of IAA. The lamina-removal treatments were made when the second leaf and the third leaf had grown to about 11 cm and 5 cm in length, respectively. The first leaves were untreated. IAA was applied to the third leaves. Midrib-xylem characteristics were observed when young first leaves reached about 5 cm in length (A) and about 11 cm in length (B). After the treated leaves matured, the midrib-xylem characteristics at the basal part of the midrib were observed in the first leaf (C), in the second leaf (D), in the third leaf (E) and in the IAA-applied third leaves (F). Scale bar in (A) ¼ 200 mm and is also applicable to (B). Scale bar in (C) ¼ 50 mm and is also applicable to (D-F).
of the unfolding leaf start photosynthesis and become one of the major sources of carbohydrate for leaf development (Meng et al., 2001) . The carbohydrate supply from the lamina would meet the construction cost of vascular development, and allow the production of the numerous largediameter vessels. Consequently, the supply of carbohydrate would be an important determinant of the number and diameter of vein-xylem conduits in a mature leaf, together with plant hormones that induce cell divisions and sink activity (Riou-Khamlichi et al., 1999; Werner et al., 2008; Berckmans et al., 2011) . In future studies, we need to investigate the contributions of auxin, cytokinins and carbohydrate supply to the co-ordinated development of the leaf lamina and midrib xylem and their interactions.
Ecological aspects of the developmental order of the midrib-xylem characteristics
The T Dev values of the lamina area and midrib-xylem characteristics differed considerably (Fig. 5) . The final size of D H was determined earlier than any other midrib-xylem characteristics. The increases in A L , N F and N XC ceased at the same time, while N M and N P reached their final numbers after a delay of about 4 d. This developmental sequence is important to maintain the water balance in unfolding leaves. Because the maturation of the leaf proceeds in the basipetal direction (Avery, 1933; Maksymowych, 1963) , when the leaf area reaches half its final size, the upper half of the leaf lamina is mature and shows high rates of photosynthesis and transpiration (Turgeon, 1989; Meng et al., 2001) . For k H to increase to a considerable level by this period, the number and diameter of the midrib-xylem conduits should increase earlier than this period. In fact, D H showed V Dev about 8 d earlier than did A L , and reached final size about 8 d earlier than did N M (Fig. 4A , C, F). Because N F is proportional to the number of cambial cells (Fig. 1) , the absolute cell-division rate in the midrib xylem increases with the increase in N F . T ev for N F was not different from that for A L and N XC (Fig. 5) , but the sharp increase in N F occurred about 6 d earlier than that in A L (Fig. 4D) . As a result, the k H on a leaf area basis reached the values for mature leaves when the leaf-lamina area was around 20 % of their final size (data not shown).
The development of the midrib xylem and higher-order veins should proceed simultaneously, because they connect and work as a whole. The higher-order veins continue to develop at the expanding regions of the leaf lamina (Lersten, 1965; Candela et al., 1999) . Interestingly, the T Dev of A L was very well matched with that of N XC (Fig. 5) . Because the increase in N XC means the addition of new cells to the cambia, the consistent T Dev of A L and N XC suggests that the midrib xylem continued to produce new conduits while the higher-order veins were being produced in the leaf lamina.
In this study, we found that the leaf-lamina area and midribxylem developed in an organized manner, so that the number and diameter of the midrib-xylem conduits were positively related to the leaf-lamina area in mature leaves. Furthermore, our results suggest that the number and diameter of the midribxylem conduits were partly controlled by the IAA signal derived from leaf lamina. These developmental processes would play a crucial role in balancing water loss from the leaf surface with water delivery through the leaf venation not only in mature leaves but also in unfolding leaves. Although this study focused on the relationship between the whole lamina area and basal parts of the midrib xylem, the co-ordinated development may be applicable to the relationships between xylem in the veins and the leaf lamina in Table 1 for explanation of abbreviations.
smaller regions within the lamina. These co-ordinated developmental processes would enable any veins at any positions to possess the proper number of xylem conduits of the proper sizes, contributing to efficient water transport. Our study could be the first step to reveal the development of an optimal design for the major veins.
